Unusual mortality and stranding events involving hundreds of marine mammals within a relatively short period of time have been documented along the California coast for at least four decades (Gulland 2000) . The California sea lion (Zalophus californianus) is one of the species most commonly associated with these stranding events. Sea lion strandings involving dozens to hundreds of animals have been attributed to prey fluctuations related to changes in oceanographic conditions such as El Niño, bacterial diseases such as leptospirosis, and more recently to the marine biotoxin domoic acid (Gulland and Hall 2007) .
During El Niño, warmer sea surface temperatures and deeper thermoclines along the eastern Pacific lead to reduced upwelling of nutrient-rich cold water, and reduced primary and secondary productivity, thus affecting food supply to top predators (Trillmich and Ono 1991) . Fluctuations in the food supply during El Niño force female sea lions to increase the time they spend foraging at sea and away from nursing pups, resulting in poor nutritional condition that leads to reduced fecundity, and increased female and pup mortality (DeLong et al. 1991 , Francis and Heath 1991 , Melin 2002 . These effects are reflected in low pup abundance during El Niño years (Lowry and Forney 2005) . California sea lion strandings associated with El Niño have been well documented for the 1982 -1983 (Trillmich and Ono 1991 ), 1992 -1993 (Greig et al. 2005 ), and 1997 -1998 El Niño years (Greig et al. 2005) .
Leptospirosis is an infectious bacterial disease (Leptospira spp.) responsible for frequent cyclic epizootics among California sea lions dating back to the 1970s (Gulland et al. 1996) . This disease targets primarily the kidneys and, although it affects all age classes, is most common in juvenile and subadult males during their northern migration from the rookeries to Washington and British Columbia (Gulland et al. 1996 , Greig et al. 2005 . Leptospirosis has also been linked to increased abortion rates and reproductive failure in females and to multiple hemorrhagic syndromes in fetuses and neonates (Smith et al. 1974) . California sea lion stranding events associated with this disease have been reported for 1984 (Dierauf et al. 1985) , 1991 (Gulland et al. 1996 ), 1994 -1995 and 1999 (Greig et al. 2005 , and 2004 (Raverty et al. 2005) .
The effects of domoic acid on California sea lions have been less extensively studied compared to those of El Niño and leptospirosis. California sea lion stranding events associated with this biotoxin are relatively more recent and have been well documented for 1998 (Gulland 2000 , Scholin et al. 2000 , 2000 (Gulland et al. 2002 , Mazet et al. 2005 and 2005 (Goldstein et al. 2008) . Domoic acid, produced by several marine diatom species of the genus Pseudo-nitzschia, is highly toxic because of its structural resemblance to the naturally occurring excitatory neurotransmitter glutamate. Binding of domoic acid to neurotransmitter receptors in the brain causes partial opening of ion channels, resulting in prolonged receptor activation and constant influx of cations into the neurons, leading to neuronal degeneration and death (Hampson and Manalo 1998) . Clinical signs in marine mammals associated with domoic acid neurotoxicity include ataxia, scratching, seizures and coma (Gulland 2000) , as well as neurological disorders lasting several weeks to months post-exposure (Goldstein et al. 2008) . These signs are linked to domoic acid-induced neuronal loss and hippocampal degeneration (Gulland 2000) . Increased frequency of toxic Pseudo-nitzschia blooms since the mid-1990s has coincided with the beginning of a multidecadal (∼25 yr) regime shift, characterized by cooler ocean temperatures, stronger upwelling, increased nutrient supply, and increased phytoplankton productivity and anchovy abundance (Chavez et al. 2003) . Algal blooms along the California coast initiate during the spring, with toxic blooms often developing during late summer and fall, when influx of nutrient-rich water from adjacent upwelling regions subsides (Horner et al. 1997 .
The California sea lion population, which includes the U.S. and the western Baja California (Mexico) subpopulations, was estimated at 237,000-244,000 individuals in 2003 individuals in (NMFS 2003 . This population concentrates during the breeding season (May-August) south of 34
• N, particularly on the Channel Islands (largely on San Miguel and San Nicolas islands) and on islands in western Baja California. Throughout the non-breeding season (August-May) females remain close to the islands, alternating periods between nursing on the rookeries and foraging trips, while subadult and adult males migrate north along the coast, returning south only to breed (Bartholomew 1967 , Peterson and Bartholomew 1967 , DeLong et al. 1973 , Mate 1975 , Le Bouef et al. 1976 , Odell 1981 . From 1975 to 2000, the U.S. California sea lion stock grew at an exponential rate ranging from 5.8% to 6.1% per year (Lowry and Maravilla-Chavez 2005) . Because domoic acid has caused reproductive effects, including abortion and premature parturition of pups, and elevated death of pregnant female sea lions since 1998 (Brodie et al. 2006) , it is essential to continue evaluating its effects on the sea lion population through the information generated from stranding records.
For this study we compiled California sea lion stranding data from 1998 to 2006 made available by members of the California Marine Mammal Stranding Network and classified each stranding as a confirmed domoic acid case, a suspected domoic acid case, or a case unrelated to domoic acid (i.e., other cause). We then compared the demographic, temporal and spatial patterns of domoic acid cases (suspected plus confirmed) with non-domoic acid cases to better understand the likely impacts of this biotoxin on the U.S. California sea lion population.
METHODS

Compilation of Stranding Data
Investigations of marine mammal strandings along the California coast are conducted by members of the California Marine Mammal Stranding Network. Network participants respond to strandings of live and dead marine mammals and collect information including location, morphological data, findings related to human interaction, and live animal disposition or carcass status. Some participants also provide veterinary care for live-stranded animals, conduct necropsies of dead animals, and collect samples for toxin analysis. From this supplemental information, the cause of the stranding can often be determined.
Current County to San Diego County. Records from PMMC prior to 2002 did not include the cause of death or stranding, thus were not included here. Data from SWSD covered 1998-2006 and locations exclusively in San Diego County. Stranding records from the two northern most counties (Del Norte and Humboldt) were not included because none of the stranding network facilities that provided information cover these areas.
Classification of Domoic Acid Cases
In this study domoic acid strandings included all confirmed and suspected biotoxin cases. Confirmed domoic acid cases included those animals with hippocampal lesions and/or detection of the biotoxin in body fluids (urine, blood) or feces (Gulland 2000) . Suspected domoic acid cases included dead animals without signs of trauma or chronic infection that stranded in the vicinity of domoic acid cases, as well as sea lions in good nutritional condition exhibiting seizures, severe disorientation, and scratching behavior characteristic of domoic acid intoxication and without signs of trauma or chronic infection (Gulland 2000) . Information from all cases included stranding location and date, sex, age class, disposition (live or dead), and restranding notes. Age classes were defined as pup (0-2 yr), juvenile female (2-5 yr), and male (2-4 yr), subadult male (4-8 yr), adult female (>5 yr), and male (>8 yr).
Demographics of Stranding Patterns
Sex/age-class frequency distribution of strandings were computed for cases not related to domoic acid and compared with the observed sex/age-class distribution of domoic acid strandings using a G-test (Sokal and Rohlf 1995; STATISTICA, Tulsa, OK) . In two of the study years (1998 and 2003) there were significant El Niño events, which likely increased pup mortality and could potentially alter the typical age-class distribution of strandings. Therefore, we repeated the analysis excluding these two El Niño years. In order to assess the effect of this biotoxin on adult females, annual increased stranding and death among exposed adult females was calculated relative to adult females that stranded or died from causes other than domoic acid (domoic acid stranding or death/stranding or death from other causes).
Temporal and Spatial Signature
Analysis of the temporal stranding signature for both non-domoic acid and domoic acid cases, regardless of the stranding location, was carried out via contour plots of monthly strandings by year (Systat, Chicago, IL). Contour plots were generated using running average smoothing, a procedure that removes data noise using the nearest neighbors technique (Cleveland 1993) . This technique was also used to define annual peaks of domoic acid strandings as well as to define the approximate duration of these events.
Spatial analysis was performed on all domoic acid cases for which stranding locations were available. Since the exact longitude and latitude was not always provided, coordinates were manually assigned based on the reported stranding location. To ensure that only acute domoic acid cases were included in the analysis, all records of restranded animals (n = 7) were removed from the analysis, with the exception of animals that re-stranded 5 mo or more after their first stranding. This arbitrary cutoff was necessary to ensure unique records, and to exclude the effects of chronic domoic acid cases on stranding signatures (Goldstein et al. 2008) . In order to identify geographically distinct groups of domoic acid cases, k-means clustering analysis was performed based on the longitudinal attributes of each stranded animal (Systat). This non-hierarchical method minimizes within-cluster variance and maximizes variability between clusters, producing tight, non-overlapping clusters. The number of clustering groups was specified a priori following visual examination of data, and based on coherent and geographically proximal clusters (Kaufman and Rousseeuw 1990) .
RESULTS
Demographics of Stranding Patterns
This study compiled 3,944 records of sea lions that stranded or died from causes unrelated to domoic acid, and 1,335 records of animals that stranded or died from exposure to the biotoxin. In both these groups of animals, nearly half died or were euthanized. The sex/age-class distribution of domoic acid strandings vs. strandings from other causes differed significantly (G = 3,472, df = 6, P < 0.0001). The majority of cases not related to domoic acid comprised pups (59%, 2,327 cases) even during non-El Niño years, followed by juvenile males (18%, 710 cases; Fig. 2 ). In contrast, domoic acid cases were predominantly adult females (68%, 910 cases) and followed by juveniles (16%, 215 cases). The difference in sex/age-class distribution between domoic acid and non-domoic acid cases remained highly significant even when data from the El Niño years (1998 and 2003) were excluded (G = 2,800, df = 6, P < 0.0001). Non-domoic acid and domoic acid California sea lion cases from 1998 to 2006 across all sex/age classes. Gray scale bars represent the total number of stranding cases (live and dead), while thin white bars represents number of adult female deaths (dead stranded plus euthanized) per year. The numbers on the right indicate the annual increase in adult female stranding and death associated with domoic acid intoxication, relative to annual adult female stranding and death not related to the biotoxin (domoic acid death or stranding/death or stranding not related to the biotoxin). AF = adult female, AM = adult male, JF = juvenile female, JM = juvenile male, PF = pup female, PM = pup male, and SM = subadult male. El Niño years : 1998, 2003. We further evaluated the effects of domoic acid on adult females by comparing the annual number of cases not related to domoic acid with the number of cases related to the biotoxin. Over the nine-year study period, the number of adult females that stranded with domoic acid intoxication (910 cases) were three times the number of adult females that stranded from other causes (308 cases), and the number of adult females that died (on-site or euthanized) from domoic acid intoxication (469 cases) was twice the number of adult female deaths not related to the biotoxin (219 cases). However, both the number of adult female strandings and deaths caused by domoic acid was highly variable. On an annual basis and relative to adult females not affected by the biotoxin, adult female strandings increased from 1.41 in 1999 to 6.67 in 2000, and adult female death ranged 1.00 in 1999 to 5.44 in 2006 (Fig. 2) .
Temporal and Spatial Signature
The contour plot of stranding cases not related to domoic acid ( In the domoic acid plot, the arrows highlight large domoic acid stranding events, which are presented as percent of total annual stranding during specific stranding peaks. AF = adult female, AM = adult male, JF = juvenile female, JM = juvenile male, PF = pup female, PM = pup male, and SM = subadult male. • N (37.6%) and 33
• N (26%). While the strandings centered at 37
• N comprised primarily of male pups and juvenile males (11% and 10%, respectively), the strandings centered at 33
• N comprised mostly of female and male pups (11% and 10%, respectively).
By contrast, domoic acid strandings have generally occurred in large localized clusters. Within the time frame of this study, clusters of domoic acid cases have been unevenly spaced along the California coast, and strandings have covered 5.4-6.3 latitudinal degrees (ca. 586-700 km of coast line). Although domoic acid stranding clusters have varied in number and latitudinal location, large clusters have centered at Pismo Beach (San Luis Obispo County, SLO). In 1998 In , 2001 stranding clusters (covering an estimated 7-km beach stretch) encompassing 47%, 46%, 58%, and 51%, respectively, of the total annual domoic acid stranded animals, centered in this area. Adult females (67% ± 13%) and juveniles (20% ± 6%) were the predominant sex/age-classes present in these clusters. • N (37.8%) and comprised 25% adult females.
DISCUSSION
Harmful algal blooms are a complex global phenomena affecting entire marine food webs and threatening both marine mammals and humans (Glibert et al. 2005) . In the United States marine mammal mortality events associated with exposure to biotoxins, including domoic acid, appear to be increasing in frequency since the late 1990s, reflecting an increase in the occurrence of harmful algal blooms nationwide (Van Dolah 2005) . This and previous studies (Gulland 2000 , Scholin et al. 2000 , Brodie et al. 2006 have unequivocally shown the toxic effects of Pseudo-nitzschia blooms on California sea lions. The records presented here included 1,335 confirmed or suspected domoic acid cases of which nearly half died directly from domoic acid toxicosis or indirectly from complications associated with intoxication. However, the total number of domoic acid casualties, including animals that stranded on inaccessible and infrequently visited beaches along the ∼1,000 km California coast and those that drowned at sea, is unknown, and likely much higher than the number presented here. A characteristic of the domoic acid stranding patterns shown here is that in five out of the nine years studied, the majority of strandings coincided with the sea lions' pupping and breeding seasons. This was the case in 2002, the year with the most domoic acid cases on record. Brodie et al. (2006) found reproductive failure in females exposed to domoic acid in 1998, which suggests that along with the direct and immediate increase in female mortality shown here, female exposure to this biotoxin prior to and during pupping may also increase the incidence of pup loss and/or related maternal complications.
Our analysis showed large demographic differences between animals that stranded from exposure to domoic acid and those that stranded from other causes. Although domoic acid impacts all age classes, the majority of cases have consistently been adult females (47%-82% of the total annual domoic acid cases). Greig et al. (2005) also reported that 54% (243 females) of the total live adult female strandings from 1991 to 2000 (449 females) resulted from domoic acid exposure. Adult females not only did strand in larger numbers across all seasons, but also stranded in larger proportions between Santa Barbara and San Mateo counties than adult females that stranded from other causes. Large numbers of female strandings may reflect differences in the structure of the population, as well as differences in aggregation patterns during bloom periods. Adult females on San Miguel Island and in the Gulf of California comprised at least 45% of the annual resident population (Francis and Heath 1991, Maravilla-Chavez et al. 2006) . During the breeding season females spend at least 50% of their time at sea traveling to and from feeding grounds, while adult males spend little or no time foraging at sea (Francis and Heath 1991) . Thus, large female aggregations and increased time spent at sea (particularly diving for food) may increase their likelihood of exposure to domoic acid. Pseudo-nitzschia blooms have also occurred during the non-breeding season in the proximity of known foraging areas of females. Feeding grounds of lactating sea lions are located northwest of San Miguel Island along the central California coastline (Melin 2002) , an area where high domoic acid concentration and density of Pseudo-nitzschia cells have been frequently quantified (CDHS 2000 (CDHS , 2002 (CDHS , 2005 Scholin et al. 2000) . Males on the other hand, feed north of San Miguel Island up to Cape Mendocino (39
• N), and generally forage in different feeding grounds than females (Weise 2006) . Furthermore, an important biotoxin vector, the northern anchovy Engraulis mordax, migrates in response to seawater temperature changes (Fleming 1999) and its high inshore abundance during late spring/summer and fall has coincided with the occurrence of Pseudo-nitzschia blooms. Thus, the geographic overlap of domoic acid producing phytoplankton, the biotoxin vector, and sea lion foraging locations may lead to increased incidence of intoxicated animals. To date, no evidence has been found to suggest increased female sea lion innate susceptibility to domoic acid toxicosis, substantiating ecological and behavioral differences as the best available explanation for their increased stranding frequency relative to other age classes.
Increased incidence of pup strandings not related to domoic acid during the summer coincides with the pupping and post-pupping season where pup mortality is normally high, particularly during the first months of life (Francis and Heath 1991, Spraker et al. 2007) . The increased stranding frequency, primarily of pups, in May and June 2002 , was likely associated with El Niño (2003 and a decrease of resources for pregnant and/or lactating females and young pups. Although pups represent a small proportion of the total domoic acid cases (3.9% this study; 1% Greig et al. 2005) , it is possible that some of the pups that stranded for causes other than domoic acid may have been indirectly affected by this biotoxin. This may be the case for those pups whose mothers are exposed to domoic acid and are unable to return to the rookeries to continue nursing. Inadequate lactation prior to pup weaning may lead to emaciated pups without direct signs of exposure to domoic acid. However, the indirect effects of domoic acid on pup survival and overall health condition remain to be investigated.
Unfortunately, the lack of information on continuous Pseudo-nitzschia cell counts and/or measurements of domoic acid in the water column did not allow an evaluation of the co-occurrence of these blooms with the frequency, timing, and location of domoic acid strandings. However, the temporal analysis highlighted large domoic acid strandings (May 1998 , June-July 2000 , April-May 2002 , and July-August 2005 consistent with the occurrence of generally well-described blooms along the California coast. Satellite imaging of chlorophyll-a along central California showed high concentrations of plankton in a narrow band along the shore during the 1998 Pseudo-nitzschia bloom (Scholin et al. 2000) . Water samples from this area collected between May and June contained up to 78 pg domoic acid equivalents per P. australis cell and up to 71.3 g domoic acid equivalents/g gut tissue in domoic acid vectors (Scholin et al. 2000 . Lefebvre et al. (2002) also reported high concentration of Pseudo-nitzschia cells (>10 3 cells/L) from July through October of 2000 in water samples from the Monterey Bay area, as well as elevated biotoxin concentration in two important prey species (anchovies and sardines; >128 g domoic acid/g viscera), particularly during September (>558 g domoic acid/g viscera). Similarly, in April 2002, the phytoplankton community near Point Conception was dominated by P. australis (Schwing et al. 2002) , and from San Diego to San Luis Obispo Counties Pseudo-nitzschia cell abundance was relatively high (>10% of the total phytoplankton species) between April and May (CDHS 2002) . In 2005, Pseudo-nitzschia abundance was also high during the first months of the year and highly abundant in August across several locations along the coast of San Luis Obispo.
The centers contributing records for our analyses did not provide coverage of the two most northerly counties, Humboldt and Del Norte; therefore, our spatial analyses did not extend north of 40
• N latitude. However, sea lion strandings and specifically domoic acid cases were relatively rare in the county immediately south (Mendocino), which is covered by TMMC. Conditions that favor the development of P. australis blooms (cyclonic eddies) and consequently the production of domoic acid have been noted to be favorable along the central and southern California coast (Anderson et al. 2006) , in close proximity to sea lion breeding and feeding grounds (Melin 2002) . Therefore, targeting stranding records from the southern and central areas of the California coast to examine domoic acid cases was determined to be most efficient. The two counties from which data were not available annually contribute less than 1% of the total sea lion stranding records to the national database (NOAA Fisheries Marine Mammal Health and Stranding Response database); therefore, acquiring additional records from these counties would be unlikely to significantly alter our results. Variability in recovery efforts and accessibility to beaches could have factored into the spatial clustering of strandings. However, recovery efforts were consistent for domoic acid and other cause cases; therefore, the differences in spatial clustering of domoic acid cases cannot be attributed to variability in recovery efforts. Greig et al. (2005) reported that the majority of live sea lions (74%) admitted to TMMC between 1991 and 2000 stranded in Santa Cruz, Monterey and San Luis Obispo Counties, with most admissions (83%) occurring between May and October. That study identified geographic clusters of domoic acid cases in San Luis Obispo (Nipomo/Guadalupe Dunes) and Monterey (Pfeiffer State Beach) counties. In the current study, domoic acid clusters centered at Pismo Beach (San Luis Obispo County), an area that contained nearly half of the total annual domoic acid cases from 1998, 2000, 2001, and 2005 . The shoreline of San Luis Obispo, has frequently exhibited high Pseudo-nitzschia densities and high domoic acid concentrations (CDHS 2000 (CDHS , 2002 (CDHS , 2005 Anderson et al. 2006) . The localized toxic blooms mentioned herein may also explain the relatively small proportion of domoic acid strandings (<3%) north of San Mateo County.
This and other studies (Gulland 2000 , Scholin et al. 2000 , Gulland et al. 2002 , Greig et al. 2005 , Brodie et al. 2006 , Goldstein et al. 2008 have documented strandings and mortalities from exposure to domoic acid, yet little is known regarding implications on the overall population. Additional studies are needed to assess the likelihood that domoic acid poses a long-term threat to California sea lions and other marine mammal populations. Such studies will rely heavily on continued efforts and data collection by stranding networks.
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